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ABSTRACT 
The l i t e r a t u r e  on t h e  e f f e c t  of t r a n s i e n t  pressure  on nucleate-  
bo i l i ng  has  been surveyed. 
with pressure  i s  discussed. 
i on  t h a t  a t r a n s i e n t  pressure  bo i l ing  process  i s  an i n f i n i t e  number 
of s teady-state  processes  (quas i - s t a t i c ) .  
The i n t e r r e l a t i o n  of bo i l i ng  parameters 
The discussion i s  based on t h e  assumpt- 
The methods of descr ibing sur face  t e x t u r e  a r e  discussed. A re- 
v i e w  of t h e  mechanism of e b u l l i t i o n  i n  b o i l i n g  heat  t r a n s f e r  i nd ica t -  
es t h e  necess i ty  of adequate nucleat ion sites. 
of  providing t h e  nuc lea t ion  sites i s  discussed. 
Corrosion as a means 
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I. INTRODUCTION 
Two parameters,  p ressure  and sur face  condi t ion ,  are of extreme 
importance i n  b o i l i n g  heat  t r ans fe r .  
cussed i n  Report I (l)*. There i s  a s c a r c i t y  of da t a  on pressure  
e f f e c t s  and sur face  condi t ions and a un ive r sa l  c o r r e l a t i o n  equat ion 
does not  e x i s t  f o r  e i t h e r  parameter. This  study i s  an inves t iga t ion  
of t h e s e  two parameters. The equipment f o r  t h e  s t u d i e s  has  been des- 
c r ibed  (1). This  repor t  discusses  areas pe r t inen t  t o  t h e  s tud ies .  
I n  p a r t i c u l a r  t h e  repor t  contains  a discussion of 
These parameters have been d i s -  
a )  The Boil ing Heat Transfer Parameter, Pressure 
b )  Surface Character izat ion 
c) Surface Preparat ion f o r  Surface E f f e c t s  S tud ie s  
d)  Data Col lec t ion  
* Numbers i n  parentheses  denote re ferences  c i t e d .  
11. The Boil ing Heat Transfer  Parameter, Pressure 
A genera l  d i scuss ion  of the  e f f e c t  of t he  var ious  bo i l ing  para- 
meters  on bo i l ing  hea t  t r a n s f e r  has  been presented (1). 
cance of t h e  parameter, p ressure ,  on b o i l i n g  w i l l  be determined a s  a 
r e s u l t  of t h i s  study. 
of depressur iza t ion  on boi l ing  systems. 
t r i c t e d  i n i t i a l l y  t o  t h e  nucleate  bo i l ing  regime where heat t r a n s f e r  
da ta  are usua l ly  co r re l a t ed  with an equation of t h e  form 
The s i g n i f i -  
The study w i l l  b e  an inves t iga t ion  of t h e  e f f e c t  
The inves t iga t ion  w i l l  be res -  
Most ana lyses  and experiments on pressure  e f f e c t s  on b o i l i n g  a r e  
f o r  s teady-s ta te  condi t ions.  
hea t  t r a n s f e r  and two-phase flow by Gouse ( 2 )  and Kepple and Tung (3) 
r evea l  an increasing i n t e r e s t  i n  t r a n s i e n t  parametric e f f e c t s .  There 
a r e  a number of s tud ie s  on the e f f e c t  of t r a n s i e n t s  i n  the  generated 
hea t  f lux .  One a r t i c l e  on the e f f e c t  of a pressure  decay during nu- 
c l e a t e  pool bo i l i ng  i s  of p a r t i c u l a r  i n t e r e s t  t o  t h i s  study. 
work w a s  done by Howell and Bell  (4) and w i l l  b e  discussed along with 
o the r  pe r t inen t  inves t iga t ions .  The , e f f ec t  of pu lsa t ing  p res su res  on 
b o i l i n g  has  been inves t iga ted  by Plesset and Hsieh ( 5 )  and DiCicco and 
Schoenhols (6).  
ing system t o  opera te  s a f e l y  in  t h e  f i lm  bo i l ing  regime. 
The recent  b ib l iog raph ies  on b o i l i n g  
This  
It was found t h a t  r ap id  pressure  pu l ses  enable  a b o i l -  
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The inves t iga t ion  by Howell and B e l l  was an experimental study 
of pressure decay on pool-boiling burnout. The range of pressures  
inves t iga ted  by Howell and Bell was 0 t o  75 p s i  with two d i f f e r e n t  
discharge rates. The discharge time was va r i ed  by i n s e r t i o n  of an 
o r i f i c e  p l a t e  between the  bo i l e r  and r e l ease  valve. Two o r i f i c e  
diarneters, 1.5 and 3.0 inches w e r e  used. A t y p i c a l  p ressure  VS. 
t i m e  curve i s  shown i n  Fig. 1. The spikes i n  Fig. 1 a r e  dependent 
t o  some extent  on t h e  geometry of t h e  o r i f i c e  and valve. 
Before f u r t h e r  discussion on t h e  subjec t  of a pressure  decay 
o r  increase  during bo i l ing ,  a review of some of t h e  s t eady- s t a t e  
analyses  w i l l  be necessary i n  order  t o  p ro jec t  t r ends  during 
pressure  t r a n s i e n t s .  
t h a t  a t r a n s i e n t  process i s  an i n f i n i t e  number of s teady-s ta te  
processes  ( a  q u a s i - s t a t i c  process). 
s teady-s ta te  ana lys i s  such as t h e  e f f e c t  of pressure  on heat f l ux ,  
l i q u i d  and wal l  superheat and nuc lea t ion  c h a r a c t e r i s t i c s  w i l l  be 
considered. 
The review w i l l  be  coupled t o  t h e  assumption 
Thus, t h e  information from a 
A s  discussed i n  Report I ( l ) ,  G r i f f i t h  and Wall is  ( 7 )  performed 
an experimental inves t iga t ion  on t h e  cav i ty  s i z e  of nuc lea t ion  si tes 
and nucleat ion from horizontal  surfaces .  A m a l l  p ressure  t r a n s i e n t  
i n  t h e  range 76 t o  40 cm. of mercury was used i n  order  t o  increase  
t h e  l i q u i d  superheat.  Liquid superheat i s  def ined a s  being t h e  
d i f f e rence  between t h e  l iqu id  and s a t u r a t i o n  temperature of t h e  test 
f l u i d .  Although a t r a n s i e n t  pressure  condi t ion  was inves t iga t ed  no 
information was given on t h e  discharge time. 
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The e f f e c t  of pressure  on l i q u i d  superheat f o r  a p a r t i c u l a r  nu- 
c l e a t i o n  cav i ty  s i z e  i s  evident from Fig. 2. A s  t h e  pressure  i s  de- 
creased,  t h e  superheat required f o r  t h e  cav i ty  t o  remain a c t i v e  has  
t o  be  increased. The increasing superheat phenomena has  been encounter- 
ed previously by Farber and Scorah (8) and C i c h e l l i  and Boni l la  (9)  
i n  t h e i r  i nves t iga t ions  on the  e f f e c t  of a s teady-s ta te  pressure  dur- 
ing nuc lea te  pool bo i l i ng  of  water. 
w a l l  superheat increases  w i t h  a decrease i n  pressure,  Rohsenow (10) 
used t h e  following equat ion t o  expla in  t h e  increas ing  superheat.  
F igures  3 and 4 show t h a t  t h e  
Equation 2 i s  der ived by combining t h e  Clausius-Clapeyron equat ion f o r  
a p e r f e c t  gas  and consider ing equi l ibr ium a t  t h e  i n t e r f a c e  of a spheri-  
ca l  vapor bubble surrounded by a f l u i d .  The equat ion descr ibing t h e  
equi l ibr ium i s  known a s  t h e  Gibbs equat ion and f o r  bubbles i n  s t a t i c  
equi l ibr ium i s  
( 3 )  2 0 -  P, - PL = -r 
Thus, f o r  a bubble t o  grow P, must be g r e a t e r  than  PL and f o r  evapor- 
a t i o n  t o  occur TL must be g r e a t e r  than  T, o r  the  l i q u i d  must be super- 
heated with respec t  t o  both i tself  and t h e  vapor, 
A t  high pressure ,  Ts  approaches Tw and Tv i s  approximately equal  
t o  Tw, t h e r e f o r e ,  Tv i s  approximately equal  t o  Ts. Thus, Eq. 2 can 
be reduced, upon expanding the log term and neglec t ing  higher  powers 
of  pressures ,  t o  
2 Rv Ts 2 w  
Tv - T 
S h PLr 
f g  
( 4 )  
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Also, it i s  known t h a t  pa r t i cu la r  sur faces  have cav i ty  s i z e  d i s t r i -  
bu t ions  a s  i s  shown schematically i n  Fig. 5 (10). It has  f u r t h e r  been 
v e r i f i e d  t h a t  a t  a Pa r t i cu la r  heat  f l ux ,  a c e r t a i n  number of c a v i t i e s  
must be active a t  d i f f e r e n t  wall superheats;  t h a t  i s  
Then given a superheat,  a pa r t i cu la r  minumum s i z e  cav i ty ,  r ,  must be 
a c t i v e  which i n  t u r n  means a c e r t a i n  number of nuc lea t ion  s i t e s  mus t  
be ac t ive .  A r e l a t i o n  between wal l  superheat,  c r i t i c a l  cav i ty  r ad ius  
and nuc lea t ion  s i t e s  i s  shown i n  Figs.  6 and 7. Figure 6 presented 
by G r i f f i t h  and Wall is  ( 7 )  shows how t h e  number of a c t i v e  si tes on a 
copper sur face  v a r i e s  with w a l l  superheat f o r  atmospheric pressure.  I n  
Eq. 4 with r cons tan t ,  we see t h a t  t h e  superheat decreases  with increas-  
ing pressure.  
increase  causes  an increase  in  t h e  o v e r a l l  a g i t a t i o n  e f f e c t ;  hence, t h e  
hea t  f l ux  i s  increased a s  i s  evident from Eq. 5. 
An increased number of nuc lea t ion  s i t e s  with a pressure  
The experimental study of  nuc lea te  pool bo i l i ng  of water a t  low 
pressures  by Raben, e t  a l . ,  (11) revealed t h a t  not only the  superheat 
of t h e  sur face  inc reases  as the pressure  decreases ,  but 
(a )  t h e  number of s i t e s  (n)  producing bubbles a t  any i n s t a n t  
decreases  , 
and 
(b)  t h e  c r i t i c a l  rad ius  inc reases  f o r  cons tan t  superheat with 
d ec r e  a s ing p r e s s u r  e. 
However, no smooth t r end  was d i sce rn ib l e .  By rearranging Eq. 4, one 
can see t h a t  f o r  constant  superheat,  t h e  c r i t i c a l  s i t e  r ad ius  would 
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increase  with a decrease i n  pressure. 
and Eq. 4 one might conclude t h a t  a family of curves  ins tead  of t h e  
one shown i n  Fig.  6 should ex i s t  f o r  t he  s i te  densi ty .  This  family 
of curves would depend not only on t h e  wall  superheat,  but  a l s o  the  
pressure.  
From t h e  study of Raben, -- e t  a l ,  
Corty and Foust (12) offered an explanat ion f o r  t h e  decrease i n  
wall  superheat with increasing pressure.  As t h e  ex te rna l  o r  ambient 
pressure  i s  increased the  boi l ing  point  increases  and t h e  e n t i r e  pro- 
ces s  of evaporation takes  place a t  higher temperature l eve l s .  The 
contact  angle  between bubble and sur face  probably increases  while t h e  
sur face  t ens ion  decreases w i t h  increas ing  temperature. A s  s t a t e d  i n  
Ref. (13) t h e  equation 
Pv - PL = - 2 d  ( cos (; - .,)
r 
must be s a t i s f i e d  regard less  of t h e  ex terna l  pressure  i f  t h e  terms a r e  
ad jus ted  f o r  t h e  new conditions.  With increas ing  temperature,  t h e  
righthand s ide  of Eq. 6 w i l l  remain constant .  However, t h e  s lope of  
t h e  vapor pressure versus  temperature curve f o r  a l i q u i d  becomes g r e a t -  
er with increasing pressure  or  temperature;  t hus ,  less wall  superheat 
is requi red  t o  provide t h e  necessary pressure  d i f f e rence  i n  Eq. 6. 
Figure 8 i s  a graph of vapor pressure versus  temperature f o r  water and 
i l l u s t r a t e s  t h e  increasing slope. 
The conclusion drawn by Corty and Foust i s  t h a t  t h e  wal l  superheat 
required f o r  a sur face  t o  continue bo i l ing  i s  decreased as t h e  ambient o r  
l i q u i d  pressure i s  increased.  Therefore,  t h e  curves of Q f A  ver sus  AT 
and h ve r sus  AT a r e  displaced t o  t h e  l e f t .  
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Kutateladze (13) performed experiments on t h e  number of a c t i v e  
sites promoting vapor formation f o r  t h e  var ious  pressures .  H e  derived 
t h e  following equation f o r  the s i t e  dens i ty  
where 9, r ep resen t s  t h e  re la t ive increase  i n  volume of a vapor bubble 
from t h e  moment it leaves the heated surface.  F igure  9 i s  a graph of 
experimental da ta  obtained by Kutateladze. A s  i s  evident from t h e  f i g -  
ure ,  t h e  increase  i n  a c t i v e  s i t e  dens i ty  i s  much g r e a t e r  than  t h e  press- 
u re  increase.  
explained by Kutateladze t o  b e  a r e s u l t  of t h e  vapor dens i ty  and vapor 
formation on t h e  heated surface.  The vapor dens i ty  i s  proport ional  t o  
t h e  system pressure.  Hence, t h e  number of  a c t i v e  si tes producing vapor 
inc reases  rap id ly  t o  overcome t h e  l o s s  i n  vapor generated by t h e  heated 
sur face  with increasing pressure.  
heated sur face  with increasing pressure  i s  evident  from t h e  equation 
The increase  in  a c t i v e  s i te  dens i ty  with pressure  was 
The l o s s  of  vapor genera t ion  a t  t h e  
Rate of vapor generat ion = 
h f P.., 'I3 
For constant  heat  f l ux  p 
a s  t h e  pressure increases ,  hence, t h e  r a t e  of vapor genera t ion  a t  t h e  sur-  
face decreases.  
increases  and hf remains e s s e n t i a l l y  constant  
V g 
Bankoff (14) derived an equation f o r  p red ic t ing  t h e  sur face  temper- 
a t u r e s  a t  t h e  incept ion  of bo i l ing  f o r  low pressures .  The equation i s  
based on a l imi ted  r e a l  so lu t ion  of equat ions descr ibing t h e  r a t e  of 
pene t ra t ion  of a l i q u i d  i n t o  a c a p i l l a r y  element o r  a c t i v e  s i te .  The 
need t o  be ab le  t o  p red ic t  surface temperatures f o r  steady b o i l i n g  can 
8 
be seen from Eq- 1. By predict ing a s i n g l e  poin t  on t h e  l i n e ,  t h e  nucl- 
e a t e  bo i l ing  curve f o r  t h e  pa r t i cu la r  condi t ions  i s  then f ixed.  
problem was not completely solved, but an equation t h a t  approximately 
p r e d i c t s  t h e  minimum wall  superheat i s  
The 
where T = f (Tw + Ts) 
X = Geometric f a c t o r  which i s  2 f o r  a c y l i n d r i c a l  cav i ty  and 4 / 3  
f o r  a s t eep  wal l  groove. 
As noted i n  Ref. (14),  t h e  few ava i l ab le  pool bo i l i ng  da ta  a t  high 
pressure  i n d i c a t e  t h a t  t h e  c r i t i c a l  cav i ty  r ad ius ,  I+, decreases  with 
increas ing  pressure.  This decrease i s  i l l u s t r a t e d  i n  Table I. 
TABLE I 
Var ia t ion  of C r i t i c a l  Cavity Radius with Pressure  f o r  
Water Boiling on Platinum Wire 
(Data taken from Table I, Ref. 14) 
Surface 
P 
F lu id  L T 
lb  s/ i n  "F 
r* 
cm x 10 4 
0.024 i n  P t  w i r e  water 14.7 18 
0.024 i n  P t  w i r e  water 383 4.4 
0.024 i n  P t  w i r e  water 770 2.7 
0.024 i n  P t  w i r e  water  1205 2 .1  






Bankoff s t a t e d  t h a t  t h e  c r i t i c a l  c a v i t y  r a d i u s  f o r  a s i t e  t o  
become a c t i v e  does not decrease with increas ing  pressure  a s  was 
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s t a t e d  by Raben, -- e t  a l . (12) and shown i n  Table I. 
drawn from t h e  following: (a) f o r  a given cav i ty ,  t h e  average r a t e  of 
l i q u i d  pene t ra t ion  i s  less a t  higher pressures  due t o  t h e  increase  i n  
t h e  volumetric heat  content  of t h e  vapor and (b) t h e  amount of hea t  
t r a n s f e r  by conduction away from a cav i ty  i n t o  t h e  l i q u i d  i s  not g r e a t l y  
a f f ec t ed  by pressure.  The f i r s t  reason given above, ( a ) ,  i n d i c a t e s  t h a t  
l a r g e r  c a v i t i e s  should become a c t i v e  a t  e leva ted  pressures .  That i s ,  
t h e  l a r g e r  c a v i t i e s  a r e  not f i l l e d  with a l i q u i d  a t  e leva ted  pressures  
and hence a r e  nuc lea t ion  s i t e s .  
become a c t i v e  may explain the  increase  i n  a c t i v e  s i t e  dens i ty  with a 
pressure  increase.  A t  an increased pressure,  t h e  wal l  superheat i s  l e s s  
and c h a r a c t e r i s t i c  of t h e  l ea s t  favorable  a c t i v e  nucleus,  which de te r -  
mines t h e  minimum, c r i t i c a l  cavi ty  r ad ius .  A t  atmospheric pressure ,  a 
smaller bubble population i s  s u f f i c i e n t  t o  make e b u l l i t i o n  predominate 
a s  compared t o  l a r g e r  bubble populations a t  e leva ted  pressures ,  (14) .  
Thus, an increase  i n  t h e  number of a c t i v e  s i t e s  i s  necessary before  a 
change In t he  s lope  of t h e  heat flux veisuus temperature-difference 
curve i s  observed. 
This conclusion was 
The explanat ion t h a t  t he  l a r g e r  c a v i t i e s  
The explanat ion of why the l a r g e r  c a v i t i e s  become a c t i v e  may be 
due t o  a decrease i n  t h e  f l u i d  a g i t a t i o n  near t h e  predominant nucleat-  
ion  si tes with an increase  i n  p ressure .  The a g i t a t i o n  is reduced due t o  
t h e  decrease i n  bubble s i z e  as pressure  increases .  The reduct ion  of a 
a g i t a t i o n  may reduce t h e  sweeping a c t i o n  of f l u i d  i n  t h e  l a r g e  c a v i t i e s .  
This sweeping a c t i o n  may tend t o  c l e a r  t h e  l a rge  c a v i t i e s  of vapor o r  
gas  before  apprec iab le  nucleat ion can occur. This  reasoning was not 
.. 
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s t a t e d  i n  Bankofffs paper but i s  a probable explanation. 
a t i o n  has some support from observation of a pool bo i l ing  with a pressure  
increase.  A t  low o r  atmospheric pressure  one sees  a mult i tude of small 
bubbles leaving a heated surface.  These bubbles a r e  extremely s m a l l  and 
may c o n s t i t u t e  t h e  vapor o r  gas sweepings. 
The explan- 
The e f f e c t  of an elevated s teady-s ta te  pressure on t h e  a c t i v e  s i t e  
d i s t r i b u t i o n  and frequency i s  shown i n  Fig.  10. The s t a t i s t i c a l  na tu re  
of nuc lea te  pool bo i l i ng  i s  c l ea r ly  ind ica ted  i n  t h e  f igure .  The maxi- 
mum number of  a c t i v e  s i t e s  indicated by t h e  curves i n  Fig. 10 des igna tes  
t h e  most probable rate of vapor bubble formation f o r  a given set of  
condi t ions  (13). As seen i n  the  f igu re ,  t h e  maximum number of  sites 
decreases  with an increase  i n  pressure.  
The rate of growth of vapor bubbles near a heated sur face  i s  a l s o  
a f f e c t e d  by pressure  changes. Kutateladze (13) der ived Eq. 10 f o r  
p red ic t ing  t h e  growth r a t e  of bubbles on a heated surface.  
The c o e f f i c i e n t , q  , represents  t h e  t i m e  t h a t  t h e  heated su r face  i s  i n  
contac t  with t h e  l i q u i d  from the  moment a bubble leaves  t h e  su r face  t o  
t h e  moment a new bubble is  generated. Kutateladze a l s o  concluded t h a t  
hea t  flow from t h e  l i q u i d  t o  a vapor bubble i s  not  a s t rong func t ion  of 
pressure.  It then follows from Eq. 10 t h a t  t h e  r a t e  of growth of vapor 
bubbles should decrease with increasing pressure.  Figure 11 i s  a p l o t  
of t h e  r e l a t i v e  change of Dof wi th  pressure.  The experimental da t a  a r e  
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accura te ly  pred ic ted  by t h e  equation 
The rate of  growth of vapor bubbles over t h e  range inves t iga t ed  w a s  in- 
ve r se ly  propor t iona l  t o  t h e  absolute  pressure.  As seen from Fig.  11 
t h i s  a l s o  appears  t o  hold for  aqueous s o l u t i o n s  a s  w e l l  a s  pure water. 
Ear l ie r  work on bubble growth and frequency w a s  done by Jakob and 
Linke (15) and F r i t z  and Ende (16). 
t h e  mean bubble diameters and frequencies  w e r e  found t o  be  independent 
of t h e  heat  f lux .  Thus, t h e  product of mean bubble diameter and fre- 
quency was considered constant f o r  a given pressure.  
I n  t h e  l imi t ed  range inves t iga t ed ,  
- -  
D f = const .  
0 
A va lue  of 77 mm/sec was obtained by (15) and 95 m/sec by (16). 
d i f f e rence  i n  t h e  two cons tan ts  appears  t o  be due t o  t h e  d i f f e rence  i n  
l i q u i d  p rope r t i e s .  
The 
Zuber (17) ais0 proposed an equation f o r  p red ic t ing  t h e  mean o r  
average bubble diameter and frequency i n  terms of phys ica l  p r o p e r t i e s  
of  l i q u i d  and vapor. The equation i s  
The lef t -hand s i d e  of  Eq. 13 was found t o  y i e l d  93 mm/sec and 64 mm/sec, 
r e spec t ive ly  f o r  water and carbon t e t r a c h l o r i d e  a t  atmospheric pressure .  
The c a v i t y  diameter predicted by Eq. 11 agrees  c l o s e l y  wi th  Jakob and 
Linke and F r i t z  and Ende. The equat ion,  a l though not  i nves t iga t ed  f o r  
1 2  
var ious  pressures  should hold f o r  pressures  o the r  than  atmospheric. 
The pressure e f f e c t  i s  evident i n  the  l i q u i d  and vapor d e n s i t i e s .  
A recent  i nves t iga t ion  on sa tu ra t ed  nuc lea te  pool bo i l i ng  by R a l l i s  
and Jawurck (18) discussed a r e l a t i o n  given by S&dria between t h e  
minimum c r i t i c a l  cav i ty  radius  and pressure.  The equation der ived by 
S-ria i s  
const  
and i s  appl icable  f o r  w a t e r  i n  t h e  pressure  range of 1 t o  50 a t m .  From 
Eq. 14 it can be  seen t h a t  a t  a constant  superheat ,  t h e  minimum c r i t i c a l  
cav i ty  r a d i u s  decreases  with increas ing  pressure.  T h i s  l a s t  statement 
is  i n  c o n f l i c t  with t h e  conclusion drawn e a r l i e r  by Bankoff (14) .  
It i s  poss ib le ,  as  noted i n  Ref. (18),  f o r  rmin = rmX; t h a t  i s  t h e  
s i z e  range of a c t i v e  s i t e s  approaches zero as shown i n  Fig.  11. If t h i s  
occurs ,  nuc lea te  bo i l ing  must be expected t o  cease,  and some o t h e r  mech- 
anism of hea t  t r a n s f e r  w i l l  evolve. 
i s  decreased a t  some medium heat f l ux  and low pressure.  It i s  probable 
i n  t h i s  case t h a t  f r e e  convection would evolve a s  t h e  hea t - t r ans fe r  mech- 
anism. A similar but  completely reversed process  would probably r e s u l t  
i n  f i lm  bo i l ing .  
This s i t u a t i o n  i s  poss ib le  i f  AT 
Nucleation from s o l i d  surfaces  i s  generated by sur face  c a v i t i e s  of 
d i f f e r e n t  geometries.  For given condi t ions ,  an a c t i v e  cav i ty  s i z e  
range d i s t r i b u t i o n  i s  possible ,  a s  s t a t e d  i n  Ref. (17) .  The maximum 
s i z e  of an a c t i v e  cav i ty  i s  determined by t h e  thermal boundary l aye r  
above t h e  heated sur face ,  while t h e  minimum s i z e  i s  determined by t h e  
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thermodynamics of  t h e  system. Using t h e  assumption t h a t  t h e  l a r g e s t  
c a v i t y  on a sur face  i s  always active,  then  t h e  thermal boundary-layer 
th ickness ,  6 , must be t h i c k  enough t o  conta in  t h e  vapor nucleus a t  any 
s tage.  I n  equation, form, t h i s  means 
Equation (15) p l aces  a l i m i t  on rmax. 
ed from Eq. 4 f o r  constant  pressure and p r o p e r t i e s  evaluated a t  t h e  
s a t u r a t i o n  temperature.  Upon sub s t  i t u t  i on  , Eq. 4 reduces t o  
The l i m i t  on rmin can b e  obtain-  
const .  
rmin - hT- - 
The previous d iscuss ion  on t h e  va r ious  i n v e s t i g a t i o n s  of pressure  
during b o i l i n g  shows t h e  r o l e  pressure  p lays  i n  nuc lea te  bo i l ing .  
noted by Westwater, (19), some i n v e s t i g a t o r s  be l i eve  t h a t  t h e  only r o l e  
of pressure  i n  b o i l i n g  l ies  in i t s  e f f e c t  on t h e  b o i l i n g  temperature and 
physical  p rope r t i e s  while o thers  be l i eve  pressure  t o  be a s i g n i f i c a n t  
parameter. A s  i s  evident from t h e  d iscuss ion ,  some c o n f l i c t s  e x i s t  a s  
t o  how c e r t a i n  parameters vary with pressure .  This  i s  due i n  l a r g e  
p a r t  t o  t h e  i n s u f f i c i e n t  number of i n v e s t i g a t i o n s  under c a r e f u l l y  c o n t r o l l -  
ed condi t ions.  
As 
Figure 12 shows t h e  v a r i a t i o n  of s t eady- s t a t e  burnout hea t  f l u x  with 
pressure.  The curve of  Howell and B e l l  was f i t t e d  by mul t ip le - regress ion  
ana lys i s .  The major i ty  of a l l  t h e  da ta  f e l l  w i th in  t h e  95 pe r  cent  con- 
f idence l i m i t s .  The tes t  specimens used i n  t h e i r  work w e r e  0.0010-inch 
t h i c k  by 6 inches s t a i n l e s s  s t e e l  s t r i p s ,  necked t o  0.75 inch a t  t h e  
center .  Burnout u sua l ly  occurred during a p re s su re  decay. 
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I n i t i a l  p ressure  before  a pressure  r e l e a s e  had a pronounced e f f ec t  
on t h e  t i m e  requi red  t o  reach burnout. A curve of At,, t i m e  e l apse  
between s teady-s ta te  burnout and a c t u a l  burnout ,  ve r sus  s teady-s ta te ,  
i n i t i a l  pressure  burnout heat  f l u x  i s  shown i n  Fig.  13. From t h e  
f igu re ,  it i s  seen t h a t  i n i t i a l  p ressure  i s  indeed a s i g n i f i c a n t  parameter 
i n  regard t o  t h e  burnout point .  A s  t h e  i n i t i a l  p ressure  is  increased 
t h e  t i m e  t o  reach some minimum probable burnout l e v e l  i s  decreased. The 
occurrence of t h i s  phenomenon might have been expected by r e c a l l i n g  t h a t  
a t  t h e  higher  i n i t i a l  pressures  before  r e l e a s e ,  t h e  l i q u i d  has  a higher  
s a t u r a t i o n  temperature,  less w a l l  superheat and a l a r g e r  number of active 
nuclea t ion  c e n t e r s  (12,14). Once t h e  pressure  i s  re leased ,  t h e  l i q u i d  
then  becomes highly superheated, more nuc lea t ing  c e n t e r s  a r e  a c t i v a t e d  
wi th  a g r e a t e r  frequency (12),  r e s u l t i n g  usua l ly  i n  a vapor f i l m  com- 
p l e t e l y  covering t h e  surface.  Once a vapor f i l m  has  developed over  t h e  
su r f  ace,  burnout re su 1 t s . 
I f  a pressure  r e l e a s e  i s  i n i t i a t e d  a t  a low i n i t i a l  p re s su re ,  t h e  
t i m e  f i l m  bo i l ing  begins  i s  delayed. The t i m e  delay i s  due t o  low 
l i q u i d  superheat ,  and very few nuclea t ion  cen te r s .  The s a t u r a t i o n  temp- 
e r a t u r e  does no t  undergo a s  large a change with t i m e  i n  a low i n i t i a l  
p ressure  decay; t h u s  t h e  growth increase  of t h e  thermal boundary l a y e r  
is reduced. The above explanation n e g l e c t s  any l i q u i d  a g i t a t i o n  caused 
by t h e  escaping vapor. A s  noted by Howell and B e l l ,  t h e  escaping vapor 
causes  t h e  l i q u i d  t o  be  tu rbu len t ,  thereby destroying t h e  thermal bound- 
ary l aye r  and vapor f i l m  next t o  t h e  heated sur face .  
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The nomenclature and procedure used i n  determining t h e  burnout time 
In a l l  runs,  t h e  system i n  (4) was a t  some i s  shown i n  Figs .  14 and 15. 
steady pressure  and was decreased t o  atmospheric pressure.  The hea t  f l u x  
as shown i n  F ig-  15 remains e s s e n t i a l l y  constant  during a pressure  decay. 
The e f f e c t  of pressure-release r a t e  can be seen from Fig. 16. It i s  
i n t e r e s t i n g  t o  note  t h a t  t h e  slower r a t e  of r e l e a s e  gave l a r g e r  va lues  
of Ats regard less  of t h e  heat f l ux ,  
a n a l y s i s  t h a t  i f  a r e l e a s e  r a t e  approaching zero was chosen t h a t  Ats  
should a l s o  approach zero. That  i s ,  t h e  process should follow t h e  steady- 
s t a t e  curve and poin t  D should l i e  on top  of point  B. 
One would expect fram quasi-steady 
I n  c ross -p lo t t ing  t h e  data of Fig. 16 a s  reduced hea t  f l u x  versus  
burnout pressure ,  both re lease  r a t e s  appear t o  coincide,  a s  shown i n  
Fig.  17. Thus, it was concluded by Howell and B e l l  (4) t h a t  t h e  time 
e f f e c t  shown i n  Fig.  16 w a s  due only t o  t h e  r a t e  a t  which burnout was 
approached. Figure 17 ind ica t e s ,  t h a t  i n  r e l a t i o n  t o  t h e  s t eady- s t a t e  
burnout curve,  t h e  burnout point is not displaced by t h e  change i n  re- 
l e a s e  r a t e .  The conclusion drawn from comparing Figs .  16 and 17  was 
t h a t  over t h e  range s tudied ,  r e l e a s e  was probably not a s i g n i f i c a n t  para- 
m e t e r .  The above explanation tends  t o  leave t h e  reader  i n  doubt on t h e  
e f f e c t  of r e l e a s e  rate s ince  a l imi ted  amount of da ta  w e r e  presented on 
i n i t i a l  pressure.  
As mentioned e a r l i e r ,  Howell  and B e l l  not iced extremely r ap id  t u r -  
bu len t  mixing o r  a g i t a t i o n  of t h e  t e s t  f l u i d  i n  t h e  b o i l e r  during a press- 
u r e  decay, which i s  bel ieved t o  cause t h e  burnout hea t  f l uxes  to b e  high- 
er than expected. The e f f e c t  of low pressure- re lease  r a t e s  i s  t o  decrease 
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t h e  heat  f l u x  away from the  t e s t  s t r i p ,  while high r e l e a s e  r a t e s  have 
t h e  opposi te  t rend.  A s  t h e  re lease  r a t e  i s  increased,  v io l en t  a g i t a t i o n  
of t h e  bulk f l u i d  increases  t h e  importance of t h e  convective hea t - t rans-  
f e r  process. These increased convective cu r ren t s ,  along with bulk nucl- 
e a t i o n  of t h e  test  f l u i d ,  tend to delay burnout pas t  t h e  va lues  pred ic t -  
ed from s teady-s ta te  ana lys i s .  Although t h e  slower t r a n s i e n t s  produced 
equal ly  v io l en t  a g i t a t i o n ,  burnout u sua l ly  occurred a t  about t h e  same 
pressure  during the  t r ans i en t .  However, t h e  slower r e l e a s e  r a t e  made 
A t s  appear l a r g e r ,  a s  shown in  Fig.  16. 
The conclusion drawn from (4) i s  f o r  known i n i t i a l  p re s su re ,  heat  
f l ux ,  and r e l ease  r a t e ,  t he  burnout t i m e  can be predicted provided t h e  
s teady-s ta te  c h a r a c t e r i s t i c s  of t h e  system a r e  known. Also, pressure-  
r e l e a s e  r a t e  does not change t h e  burnout po in t  i n  r e l a t i o n  t o  steady- 
s t a t e  values .  A s  f o r  s teady-s ta te  b o i l i n g ,  t h e  peak ind ica ted  burnout 
temperature was always l e s s  than t h e  melting temperature of t h e  t e s t  
s t r i p .  The t i m e  l apse  of temperature excursion from t h e  s t a r t  of f i lm  
bo i l ing  t o  burnout was approximately one second. 
111. SURFACE CHARACTERIZATION 
A survey of t h e  l i t e r a t u r e  on sur face  e f f e c t  con t r ibu t ion  t o  
bo i l ing  hea t  t r a n s f e r  has  been presented (1) .  This survey emphasized 
t h e  d i f f i c u l t y  i n  descr ibing or  charac te r iz ing  sur faces  employed i n  
bo i l ing  s tudies .  A discussion of sur face  cha rac t e r i za t ion  i s  presented 
t o  show t h e  d i f f i c u l t i e s  and present t h e  method t o  be adopted i n  t h i s  
Most sur faces  of engineering i n t e r e s t  a r e  extremely complex, 
cons is t ing  of more o r  l e s s  randomly d i s t r i b u t e d  i r r e g u l a r i t i e s  cover- 
ing a wide range of both height and spacing. One approach t o  sur face  
cha rac t e r i za t ion  i s  t h e  representa t ion  of sur face  i r r e g u l a r i t i e s  
by a graph of i r r e g u l a r i t y  height o r  depth versus  sur face  length.  A 
record of t h i s  type can be obtained with a t r a c i n g  s t y l u s  which i s  
moved along t h e  surface.  Optical  measuring devices  o r  techniques a r e  
another approach t o  t h e  sur face-charac te r iza t ion  problem. 
The quant i ty  which has  been found most u se fu l  i n  cha rac t e r i z ing  
a sur face  i s  t h e  average roughness height.* Consider a sur face  t o  
be  composed of h i l l s  and va l leys ,  then  each v a l l e y  o r  h i l l  has a 
median l i n e  which can be  r e fe r r ed  t o  a s  i t s  cen te r  l i n e .  The a r i t h -  
met ica l  average devia t ion  from t h e  cen te r  l i n e  i s  given by: 
x = L  
1 y = -  
L 1:: 
* "Extracted from Surface Texture (ASS B46. 1-1962), with permission 
of t h e  publ isher .  The American Society of Mechanical Engineers,  
United Engineering Center, 345 East 47th S t r e e t ,  New York, 1 7 ,  N.Y." 
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The u n i t  employed i n  most e l e c t r i c a l  measuring instruments  i s  t h e  root  
mean square average defined by: 
x = L  
y = y2dx 4 (18) L 
x = o  
The method used i n  measuring t h i s  average roughness i s  t o  move a sharp- 
pointed s t y l u s  over t h e  surface and t r a n s l a t e  i t s  motion perpendicular  
t o  t h e  sur face  i n t o  a meter reading propor t iona l  t o  t h e  average rough- 
ness. Surface bo i l ing  da ta  have been c o r r e l a t e d  using t h e  Profi lometer  
and a comparison of da ta  obtained i n  t h i s  study with da ta  of o t h e r  
s t u d i e s  must be made using s imilar  desc r ip t ive  techniques.  Berenson 
( 2 0 )  has  shown t h e  Profilometer does not represent  t h e  u l t ima te  means 
of sur face  descr ip t ion .  
Another instrument,  t h e  Linear Prof icorder ,  manufactured by t h e  
Micrometrical Division of Bendix Corporation, has  been used by F. G. 
H a m n i t t ,  e t  a1  (21) i n  cav i t a t ion  s t u d i e s  a t  t h e  Universi ty  of Michigan. 
This  instrument has  t h e  capabi l i ty  of measuring and ind ica t ing  t h e  p i t  
depth-to-diameter r a t i o  due to  cav i t a t ion .  The Linear  Prof icorder  i s  
being considered f o r  t h i s  study and w i l l  be discussed below i n  d e t a i l .  
It should be  mentioned t h a t  any device t h a t  makes physical  contac t  
with t h e  sur face  i s  undesirable  s ince  t h e  sur face  i s  a l t e r e d  by t h e  
s t y l u s  and it i s  not  always possible  t o  eva lua te  t h e  a l t e r a t i o n .  The 
Linear Prof icorder  measures the diameter-to-depth r a t i o  of t h e  p i t s  
and scra tches  on t h e  surface.  The c o r r e l a t i o n  of b o i l i n g  hea t  t r a n s -  
f e r  data  using t h e  diameter-to-depth r a t i o  r ep resen t s  a f r e s h  app- 
roach t o  t h e  sur face  cha rac t e r i za t ion  problem. The r a t i o  w i l l  b e  
used a s  t h e  exponent of t h e  co r re l a t ion  Eq. (1 )  discussed previous- 
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ly i n  Chapter 11. The equation has t h e  form 
n m  4! = K (x) A 
which can be rearranged a s  
The r a t i o  d/b may prove useful  i n  c o r r e l a t i n g  b o i l i n g  hea t - t r ans fe r  
da ta  without going t o  experimental methods f o r  un tes ted  condi t ions.  
Hammitt (21) has  shown cav i t a t ion  p i t s  exh ib i t  diameter-to-depth 
r a t i o s  of t h e  same magnitude a s  t h e  exponent used i n  c o r r e l a t i o n  
equat ions by Gaertner and Westwater (22 ) .  
but  it appears t o  b e  one avenue f o r  i nves t iga t ion .  
be used i n  an attempt t o  ad jus t  t h e  equat ion f o r  var ious  pressures .  
Other i n v e s t i g a t o r s  such as Jakob and Corty and Foust have found 
t h i s  exponent a l so .  
This may be co inc identa l  
C5 and K w i l l  
Two methods, i n  addi t ion  t o  t h e  Linear  Prof icorder  f o r  obtaining 
the  diameter-to-depth r a t i o ,  a r e  being considered. One of t h e  most 
promising methods appears t o  be t h e  use  of o p t i c a l  comparators o r  
instruments such a s  a Bausch & Lomb Scratch Depth Guage. The sur face  
i s  not touched i n  t h e  measuring process.  
considered i s  t h e  app l i ca t ion  of a t h i n  f i lm  of e thylene  d i ch lo r ide  
containing 1 pe r  cent  by weight of Formvar (23). 
d r i e s  and hardens,  a mesh screen can be placed i n  contac t  with t h e  
a rea  t o  be t e s t ed .  A c i r c u l a r  i n c i s i o n  can be made around t h e  a r e a  
and the  r e p l i c a  may then be s t r ipped  from t h e  specimen. To s t rengthen 
and f a c i l i t a t e  handling, t h e  r e p l i c a  may be coated with chromium i n  
The o the r  method being 
When t h e  f i l m  
a vacuum furnace.  This  is accomplished by hea t ing ,  vaporizing and 
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condensing t h e  chromium on the  r ep l i ca .  
micrographs may be taken of t h e  r e p l i c a  and t h e  topographic v a r i a t i o n s  
obtained. This  l a s t  technique i s  a time-consuming process  and it is 
not  known whether t h i s  method w i l l  provide g r e a t e r  accuracy than  t h e  
Linear Prof icorder .  
Electron and o p t i c a l  photo- 
There a r e  a number of  ways t o  cha rac t e r i ze  sur faces  a s  can be  
seen. A search of t h e  boi l ing  l i t e r a t u r e  reveals t h a t  i n  add i t ion  
t o  photographs and photo-micrographs of t h e  sur face  some authors  have 
attempted to def ine  t h e  surface by t h e  number of a c t i v e  si tes per  
u n i t  area.  This  i s  a d i f f i c u l t  method of descr ip t ion .  
It appears t h a t  t he  sound approach t o  follow w i l l  involve 
1) Comparison of da ta  with previous i n v e s t i g a t o r s  using t h e  
Profilometer.  
Comparison of da ta  with previous inves t iga t ions  u s i n g  t h e  
Linear Prof icorder ,  an o p t i c a l  comparator, o r  t he  shadow 
cas t ing  of a f i lm  rep l ica .  
2) 
e 
I V .  Surface Preparat ion f o r  Surface E f f e c t s  S tudies  
a)  Discussion 
The complexity of surface desc r ip t ion  i s  i n t e r r e l a t e d  t o  sur face  
preparat ion.  
ment i s  t h e  r ep roduc ib i l i t y  of data .  
experimenter who has worked with sur face  e f f e c t s  has  had h i s  own 
technique f o r  sur face  preparation. The majori ty  of sur face  e f f e c t s  
s tud ie s  have concentrated on t h e  e f f e c t  of var ious  pol ished sur faces  on 
bo i l ing .  The techniques employed f o r  sur face  prepara t ion  a r e  var ied .  
Some authors  choose t o  pol ish specimens by s t roking  i n  one d i r e c t i o n  
only.  Others p re fe r  t o  s t roke i n  one d i r e c t i o n  u n t i l  a l l  v i s i b l e  
sc ra tches  a r e  removed, then use  a f i n e r  grade of emory c l o t h  a t  90" 
t o  t h e  f i r s t  d i r ec t ion .  S t i l l  o t h e r s  u se  a numbering technique i n  
which they p o l i s h  i n  one d i r ec t ion  f o r  50 s t rokes ,  then r o t a t e  90° 
and use a f i n e r  grade of polishing material for 50 strokes (*). 
t hese  de t a i l ed  and time-consuming methods of prepara t ion ,  some degree 
of r ep roduc ib i l i t y  has been achieved. 
One of t h e  most des i r ab le  c h a r a c t e r i s t i c s  of any experi-  
I n  bo i l ing  heat  t r a n s f e r  each 
Using 
Clark,  Strenge, and Westwater (24) have shown t h a t  a f t e r  t h e  most 
e labora te  and d e t a i l e d  mechanical po l i sh ing  techniques,  p i t s  and 
scra tches  remain on t h e  surface. I n  add i t ion ,  t he  au thors  demonstrated 
t h e  diameters of a c t i v e  p i t s  which w e r e  not removed by pol i sh ing  were 
i n  t h e  range of 0.0003-inch f o r  t h e i r  l i q u i d  su r face  combination. 
This  was shown i n  Report I (1 )  t o  agree i n  magnitude with o the r  r e s u l t s  
reported i n  t h e  l i t e r a t u r e .  
(*) Pr iva te  communication with J. W. Westwater, Univers i ty  of Ill. 
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The v a s t  major i ty  of data present  t h e  nuc lea t ion  s i tes  a s  p i t s .  
Bankoff ( 2 5 )  has been ab le  t o  show a n a l y t i c a l l y  t h a t  a p i t  p re sen t s  a 
favored loca t ion  f o r  a nucleat ion s i t e  as  opposed t o  a sc ra t ch  o r  o t h e r  
sur face  d iscont inui ty .  
from scra tches  bu t  t o  s t a t e  nucleat ion w i l l  occur from a p i t  i n  prefer -  
ence t o  a scra tch .  An exce l len t  v e r i f i c a t i o n  of Bankoff's theory i s  
i l l u s t r a t e d  by a photograph in Ref. ( 2 4 ) .  
This i s  not  t o  imply e b u l l i t i o n  w i l l  not occur 
The mathematical model of a nuc lea t ion  s i t e  used by many inves t i -  
g a t o r s  has  been discussed,  Fig. 12,  i n  Report I (1). I n  b r i e f ,  t h i s  
i s  a bubble loca ted  i n  an inverted conica l  p i t .  A s  i n  most mathematical 
models, t h i s  i s  an approximation t o  t h e  ac tua l  shape of t h e  nuc lea t ion  
si te.  Photographic inves t iga t ions  ( 2 4 ,  13) have v e r i f i e d  t h e  useful-  
nes s  of t h i s  model. 
Various at tempts  have been made t o  cont ro l  t h e  s i z e  and shape of 
t h e  cavities.  I n  add i t ion  t o  sur face  pol i sh ing ,  Boni l la ,  Grady, and 
Avery ( 2 6 )  presented da ta  from highly  pol ished su r faces  i n  which scra tch-  
es were scr ibed.  I n  a s i m i l a r  s tudy,  Nishikawa (27) cu t  grooves of  t r i -  
angular  c ros s  sec t ion  concent r ica l ly  o r  crosswise on both smooth and 
rough surfaces .  G r i f f i t h  and Wallis ( 7 )  used a sharpened gramophone 
needle  t o  g i v e  th i r ty - seven  holes  of uniform s i z e  and shape on a pol- 
ished surface.  I n  a comprehensive s tudy,  Berenson ( 2 0 )  provided da ta  
on t h e  e f f e c t  of lapping a surface.  
s t a t e  of  t h e  a r t  of su r f ace  preparat ion and s ta tes  t h e  need f o r  da t a  
on su r faces  chemically and e l e c t r o l y t i c a l l y  etched. The aim of t h e  
next phase of t h i s  study w i l l  be t o  ob ta in  da ta  f o r  chemically etched 
Type 304 s t a i n l e s s  s teel .  
Westwater ( 2 8 )  summarizes t h e  
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b) Chemical Etching 
The mechanism of corrosion w i l l  be discttssed b r i e f l y .  Since 
Type 304 s t a i n l e s s  steel i s  the specimen material, t h e  d iscuss ion  
w i l l  be  l imi t ed  t o  t h e  theory of cor ros ion  a s  appl ied  t o  t h i s  ma te r i a l .  
The l i t e r a t u r e  reveals numerous da t a  on b o i l i n g  hea t  t r a n s f e r  using 
Type 304 s t a i n l e s s  s t e e l  as the su r face  m a t e r i a l  and t h i s  study w i l l  
involve t h e  same mater ia l .  Type 304 s t a i n l e s s  steel has  t h e  follow- 
ing  proper t ies :  
TABLE I1 
Chemical Composition of 304 Seain less  Steel 
(Data As. Spec i f ied  by AISI) 
C 
e 0 8  IMX 
Mn 










8 t o  12.00 
Phy s i  ca 1 P r o p e r t i e s  
Me1 t ing Density Spec i f ic  E l e c t r i c a l  Thermal 
Poin t  (OF) ( l b / d )  Heat Res is tance  Conductivity 
(Btu/lb OF) /cm/crn2 B t u / h r / f t 2 / f t /  OF 
2550 . 29 32-21 2 OF 72 212°F 9.4 
12 932°F 12.4 
Thennal Hardening (OF) 2100-2300 
Treatment I n i t i a l  forging (OF) 
Annealing ( OF) Cools r a p i d l y  from 1850-2050 
Creep s t rength  (1% flow Hardenable by cold work only 
i n  10,000 h r  a t  1000°F 17000 p s i  
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Passive metals  such a s  t h e  s t a i n l e s s  s t e e l s  resist many cor ros ive  
media over long per iods  of time. However, i f  cor ros ion  does eventua l ly  
occur ,  r ap id  pene t ra t ion  takes place a t  severa l  small areas .  These a r e  
so-cal led "pits".  
of t h e  a l loy .  Several  d i f f e r e n t  forms of cor ros ion  may occur wi th  any 
m e t a l .  These forms a r e  c l a s s i f i e d  a s  f r e t t i n g ,  ga lvanic ,  c r ev ice ,  and 
p i t t i n g .  P i t t i n g  is t h e  prevalent form of cor ros ion  experienced with 
t h e  passive a l l o y s  and t h e  passive metals  such a s  aluminum, n i cke l ,  and 
chromium. The predominance of p i t t i n g  cor ros ion  i n  s t a i n l e s s  s t e e l  may 
be advantageous t o  the  boi l ing process. 
They occur a t  random wi th in  o r  a t  t h e  g r a i n  boundaries 
The formation of p i t s  begins by breakdown of p a s s i v i t y  a t  favored 
(nuc le i )  on t h e  metal surface. The breakdown i s  followed by formation 
of an e l e c t r o l y t i c  ce l l  which c o n s i s t s  of an anode of a c t i v e  metal  and 
a l a rge  cathode of pass ive  metal. Figure 18 d e p i c t s  a t y p i c a l  electro- 
l y t i c  cel l .  The l a r g e  po ten t i a l  d i f f e rence  c h a r a c t e r i s t i c  of t h i s  
"passive-act ive cell" ( . 5  t o  -6 v o l t  f o r  Type 304) accounts f o r  con- 
s ide rab le  flow of cur ren t .  The co r ros ion - re s i s t an t  pass ive  metal  
surrounding t h e  anode and the ac t iva t ing  property of t h e  cor ros ion  
products wi th in  t h e  p i t  along with the  e f f e c t  of g r a v i t y  account f o r  
t h e  tendency of cor ros ion  t o  pene t r a t e  t h e  metal  r a t h e r  than  spread 
along t h e  surface.  The large p o t e n t i a l  of t h e  ce l l  accounts f o r  a 
l a rge  e f f e c t i v e  cathode area,  thereby drawing upon a cons iderable  
volume of depolar izer  (dissolved oxygen o r  oxidizing s a l t )  f o r  main- 
tenance of corrosion currents .  Two h e a t s  of s t a i n l e s s  s t e e l  of t h e  
same ove r -a l l  ana lys i s  and in  t h e  same environment w i l l  show d i f f e r e n t  
tendencies  toward p i t t i n g .  On t h e  o ther  hand, t h e  same a l loy  w i l l  p i t  
profusely o r  not a t  a l l ,  depending upon enviromental condi t ions  such 
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a s  temperature,  pressure,  water vapor, and oxygen content .  
P i t t i n g  i s  most l i k e l y  t o  occur i n  t h e  presence of ch lor ide  
ions combined with such depolar izers  a s  oxygen o r  oxidizing s a l t s .  
The oxidizing agent a c t s  as a depolar izer  f o r  passive-act ive c e l l s  
es tab l i shed  by breakdown of pass iv i ty  a t  a s p e c i f i c  point  o r  area.  
The ch lor ide  ion  o r  o ther  halogen ions can accomplish t h i s  breakdown. 
I n  so lu t ions  of ch lo r ides ,  p i t t i n g  occurs  i f  t h e  standard oxidat ion-  
reduct ion p o t e n t i a l  i s  l e s s  than -.15 v o l t .  Table I11 shows var ious  
so lu t ions  and corresponding oxidation-reduction p o t e n t i a l s .  
TABLE I11 
Oxidation-Reduction Po ten t i a l  and I t s  Relat ion To 
P i t t i n g  For  Several  Solut ions 
(Data taken from Ref. 29) 
Presence of 
P i t s  A f t e r  
24 H r .  T e s t  
Solut ion Oxida t  ion-Reduct ion 
P o t e n t i a l  
S t a nda r d 
Poten t ia  1 
H+ + HClO+% C 1 2  + H 2 0  - e' + Hypochlorous Acid -1.63 
-1.36 Tha l l i c  Chloride + 
Mercuric Chloride + -0.91 
F e r r i c  Chloride F e  Hi- -Fe* - e- + - .77 
- -57 Cupric Chloride + 
Stannic Chloride - a15 
Nickel Chloride 
~~ 
No lower valence S a l t  0 
Manganese Chloride No lower valence S a l t  0 
Chromic Chloride 
tK U 
C r  --t C r  - e' + .41 
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I f  hydrogen peroxide i s  added t o  n icke l  ch lor ide  so lu t ions ,  a s  i n  
e l ec t rop la t ing  ba ths  operating a t  about 60°C, t h e  s t a i n l e s s  steels 
p i t  severely.  Accordingly, t h i s  i n d i c a t e s  t h e  oxidat ion-reduct ion 
p o t e n t i a l  i s  more negat ive than t h e  -.15 vo l t s .  
numerous sources. They occur through minor a l loy  components o r  
impur i t ies ,  o r  through hea t  treatment o r  mechanical work. 
exact na ture  i s  l a rge ly  unknown. (29) 
P i t  nuc le i  have 
Thei r  
The use  of many specimens i n  t h e  bo i l ing  tes t  d i c t a t e s  a corros-  
ion media t h a t  w i l l  corrode the specimen q u i t e  rap id ly .  By f a r ,  
t h e  most e f f e c t i v e  agents  a r e  compounds containing elements of t h e  
halogen group. The use  of sulphuric ac id  i n  non-aerated so lu t ions  
gene ra l ly  r e s u l t s  i n  a very slow corros ion  r a t e .  (30) 
an oxidizing agent ,  i n  presence of a pass ive  metal such a s  304 
s t a i n l e s s  r equ i r e s  a very long t i m e  f o r  appreciable  p i t t i n g .  Several  
organic  ac ids ,  o x a l i c ,  formic, and l a c t i c  and a photographic so lu t ion  
containing t h i o s u l f a t e ,  w i l l  be  considered f o r  t h i s  study. (31) 
Nitric a c i d ,  
V. Data Col lec t ion  
Considering t h e  necessi ty  of reproducible  da ta  t h e  following 
sequences have been establ ished f o r  obtaining data .  The specimens 
f o r  both t h e  sur face  and pressure e f f e c t s  s t u d i e s  w i l l  be mechanic- 
a l l y  polished using severa l  grades of emory c lo th .  The f i n a l  l u s t e r  
w i l l  be  appl ied  by using aluminum oxide o r  diamontine, whichever 
proves more p r a c t i c a l  t o  use.  A modif icat ion of Gaertner and 
Westwater's (22)  method of surface prepara t ion  w i l l  be followed a t  
t h i s  stage.  
This method c o n s i s t s  of 
1. 1300 c y l i c  polishing s t rokes  with 320 g r i t  paper 
2. 1500 c y l i c  polishing s t rokes  with 400 g r i t  paper 90" 
t o  t h e  f i r s t  d i r ec t ion  
3. 1200 c y l i c  s t rokes with 600 g r i t  paper i n  t h e  o r i g i n a l  
d i r e c t  ion  
Once t h e  sur face  is properly prepared, t h e  specimen w i l l  be  
placed i n  t h e  b o i l e r  and subjected t o  a vacuum, a s  descr ibed i n  
Chapter I11 of Report I (1). 
b o i l e r  w i l l  be f i l l e d  w i t h  prepared water from t h e  p u r i f i c a t i o n  loop. 
A t  t h i s  t ime, cur ren t  w i l l  be app l i ed  t o  t h e  specimen and t h e  bake- 
out  o r  s t a b i l i z a t i o n  per iod w i l l  comnence. When thermal equi l ibr ium 
i s  reached t h e  surface e f f e c t s  s t u d i e s  o r  t r a n s i e n t  s tud ie s  can be- 
g in .  These s t u d i e s  a r e  described i n  the  following sec t ions  A and B. 
When t h e  system has been out-gassed, t h e  
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A )  Surface E f f e c t s  Procedure 
The procedure f o r  surface e f f e c t s  s t u d y  da ta  po in t s  w i l l  be followed 
upon reaching thermal-equilibrium. 
f o r  t h e  i n i t i a l  tes ts  with polished su r faces  and a high speed motion 
p i c t u r e  record w i l l  be made of t h e  phenomena a s soc ia t ed  wi th  t h e  para- 
m e t r i c  v a r i a t i o n .  A s  soon a s  s u f f i c i e n t  da t a  has been obtained t h e  
system pressure  r e l i e f  valve w i l l  open and t h e  t r a n s i e n t  study w i l l  be- 
g in .  The t r a n s i e n t  study as s t a t e d  i s  descr ibed i n  sec t ion  B. With 
the  t r a n s i e n t  phase completed, a new sequence w i l l  be i n i t i a t e d  us ing  
t h e  same specimen. This  method w i l l  be  completed f o r  t h r e e  da t a  runs  
on each specimen i n  t h e  precorrosion s tage.  
men w i l l  be removed from the  b o i l e r  and subjected t o  a co r ros ive  elect-  
ro ly t e .  There w i l l  be t h r e e  d i f f e r e n t  e l e c t r o l y t e s  with t h r e e  specimens 
f o r  each so lu t ion .  Each specimen w i l l  b e  removed from t h e  e l e c t r o l y t e  
a f t e r  a spec i f i ed  t i m e  i n t e rva l ,  c leaned,  and placed i n  t h e  b o i l e r  f o r  
Su i t ab le  parameters w i l l  b e  va r i ed  
A t  t h i s  p o i n t ,  t h e  speci-  
t h r e e  da t a  runs,  a s  descr ibed previously.  
This  method of da ta  sampling w i l l  provide t h r e e  curves of before- 
and-af te r  cor ros ion  information. From t h e  t h r e e  curves,  t h e  method of 
l eas t  squares  may be  appl ied  t o  ob ta in  a composite curve f o r  t h e  before-  
and-af te r  state. The be fo re  curve can b e  compared t o  a v a i l a b l e  d a t a  i n  
o rde r  t o  a s c e r t a i n  i f  t h e  technique provides  acceptab le  da ta .  
curves  can be compared t o  t h e  before  curves  t o  determine t h e  e f f e c t  of 
cor ros ion  on t h e  hea t - t ransfer  c o e f f i c i e n t .  This  w i l l  r e s u l t  i n  f i f t y -  
four  runs. 
The a f t e r  
The f i f t y - f o u r  runs along with photographic information should provide 
s u f f i c i e n t  da t a  t o  determine sur face  cha rac t e r i za t ion .  The c o r r e l a t i o n  
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equat ions discussed i n  R e p o r t  I ( 1 )  w i l l  b e  compared by using da ta  
from t h i s  experiment. A new co r re l a t ion  equat ion w i l l  be  formulated 
i f  an ex i s t ing  equat ion w i l l  not pred ic t  t h e  r e s u l t s  obtained i n  t h i s  
experiment. 
B) Transient Pressure  Procedure 
The procedure f o r  t h e  t r ans i en t  s t u d i e s  w i l l  commence a f t e r  da t a  
c o l l e c t i o n  f o r  thermal-equilbrium condi t ions  have been m e t .  The system 
w i l l  be  depressurized from sa tu ra t ion  condi t ions  a t  100 ps ia .  P r i o r  t o  
depressur iza t ion  a s teady-s ta te  pressure  versus  hea t  f l u x  curve w i l l  be 
obtained. This curve w i l l  be compared with those  of previous inves t i -  
g a t o r s  (8), (9) .  Then t h e  system w i l l  be  depressurized from a h igh  
s t eady- s t a t e  pressure  us ing  one of  t h r e e  o r i f i c e  p l a t e s  i n  t h e  discharge 
l i n e .  The t h r e e  o r i f i c e  s i z e s  a r e  1.0, 2.0, and 3.0 inches i n  diameter. 
High-speed photographs w i l l  be taken during t h e  dep res su r i za t ion  process  
and system pressure  w i l l  be  recorded. 
VI SUMMARY AND CONCLUSIONS 
The l i t e r a t u r e  r evea l s  an increas ing  i n t e r e s t  i n  t r a n s i e n t  para- 
m e t r i c  e f f e c t s  on b o i l i n g  heat  t r a n s f e r .  The s teady s t a t e  bo i l ing  
phenomenon i s  not  c m p l e t e l y  understood but  t r a n s i e n t  phenomenon can 
be approached by consider ing the  process under study t o  be a series of 
s teady-s ta te  processes.  This assumption w i l l  be  l imi t ed  by t h e  un- , 
c e r t a i n i t y  of present  s teady-s ta te  theory.  However, t h i s  i s  t h e  f i r s t  
l o g i c a l  s t e p  i n  an ana lys i s  of t h e  parameter, p ressure .  The d iscuss ion  
, 
of t h e  pressure  parameter i n  Chapter I1 revealed: 
(1) Wall superheat increases  a t  cons tan t  hea t  f l u x  (8, 9 ,  10) 
a s  pressure  i s  decreased. Figures  3 and 4 show t h i s  e f f e c t .  
(2)  The c r i t i c a l  s i te radius ,  a func t ion  of w a l l  superheat ,  in -  
creases wi th  an increase  i n  pressure .  
The active s i t e  densi ty  inc reases  wi th  an inc rease  i n  press-  
u r e  a s  shown i n  Fig. 7. 
The a g i t a t i o n  of the f l u i d  due t o  bubble motion i s  reduced 
( 3 )  
(4) 
as pressure  increases .  As seen from Figs .  9 and 10, t h e  
frequency and departure diameter i s  reduced wi th  an increase  
i n  pressure  (13). 
The thermal boundary l a y e r  t h i ckness  of superheated l i q u i d  
above a hea te r  surface decreases  with a pressure  increase .  
( 5 )  
R e v i e w  of t h e  surface e f f e c t s  on b o i l i n g  hea t  t r a n s f e r  i n d i c a t e s  
t h e  necess i ty  f o r  systematic  i nves t iga t ion  be fo re  t h e  phenomenon i s  f u l l y  
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understood. Some of t h e  f ac to r s  involved i n  a c a r e f u l  study include,  
a method of accura te ly  measuring t h e  sur face  topography, a standard 
method of sur face  preparat ion,  and an accura te  and e f f i c i e n t  method 
of da ta  compiling. I n  pa r t i cu la r  Chapter I11 revealed: 
(1)  The Profi lometer  i s  not a s a t i s f a c t o r y  instrument f o r  sur face  
charac te r iza t ion .  
(2) The Linear  Prof icorder ,  an o p t i c a l  comparator, and t h e  r e p l i c a  
technique provide poss ib le  methods of sur face  cha rac t e r i za t ion .  
A t  t h i s  t i m e ,  t h e  Linear Prof icorder  appears t o  be  t h e  most 
promising method. 
A modif icat ion of Gaertner and Westwater's method of mechanical 
po l i sh ing  w i l l  be  used i n  t h e  prel iminary s tages  of specimen 
preparat ion.  
A so lu t ion  using the ch lo r ide  ion  t o  destroy p a s s i v i t y  w i l l  
p i t  t h e  surface of 304 s t a i n l e s s  steel. This  method of 
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Fig.  11 Relative Change In the Term D,f with Pressure 
(Fig.  41,  r e f .  13) 
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Fig. 18 Typical Electrolytic Cell formed In the 
pitting process of stainless steel .  
